Acetyl-CoA carboxylases (ACCs) are crucial metabolic enzymes and are attractive targets for drug discovery. Haloxyfop and tepraloxydim belong to two distinct classes of commercial herbicides and kill sensitive plants by inhibiting the carboxyltransferase (CT) activity of ACC. Our earlier structural studies showed that haloxyfop is bound near the active site of the CT domain, at the interface of its dimer, and a large conformational change in the dimer interface is required for haloxyfop binding. We report here the crystal structure at 2.3 Å resolution of the CT domain of yeast ACC in complex with tepraloxydim. The compound has a different mechanism of inhibiting the CT activity compared to haloxyfop, as well as the mammalian ACC inhibitor CP-640186. Tepraloxydim probes a different region of the dimer interface and requires only small but important conformational changes in the enzyme, in contrast to haloxyfop. The binding mode of tepraloxydim explains the structure-activity relationship of these inhibitors, and provides a molecular basis for their distinct sensitivity to some of the resistance mutations, as compared to haloxyfop. Despite the chemical diversity between haloxyfop and tepraloxydim, the compounds do share two binding interactions to the enzyme, which may be important anchoring points for the development of ACC inhibitors.
A cetyl-CoA carboxylases (ACCs) catalyze the production of malonyl-CoA from acetyl-CoA and CO 2 in two steps (1) (2) (3) . The biotin carboxylase (BC) activity catalyzes the ATPdependent carboxylation of a biotin cofactor, and then the carboxyltransferase (CT) activity catalyzes the transfer of this activated carboxyl group to the acceptor acetyl-CoA. In bacteria, the BC and CT activities reside in separate subunits of the ACC holoenzyme. In comparison, ACCs are large, multidomain enzymes in most eukaryotes, with highly conserved BC and CT domains.
ACCs are crucial enzymes for the metabolism of fatty acids. Two isoforms of ACCs are present in mammals, and mice lacking ACC2 have elevated fatty acid oxidation and reduced body fat and body weight (4) . ACCs are attractive targets for the discovery of anti-diabetes and anti-obesity agents (5, 6) , and currently there is significant interest in understanding their catalysis, regulation, and mechanism of inhibition.
The relevance of ACCs for drug discovery is also underscored by the fact that two distinct classes of compounds, as illustrated by haloxyfop (FOPs) and tepraloxydim (DIMs) (Fig. 1A) , are potent inhibitors of ACCs from sensitive plants and are in wide use as herbicides (7) (8) (9) (10) (11) (12) . These compounds inhibit the CT activity, as does a potent inhibitor of mammalian ACCs, CP-640186 (13) , suggesting that the CT domain may be a suitable target for discovering small-molecule inhibitors against ACCs.
We have reported the crystal structures of the CT domain of yeast ACC and its complex with CoA (14) , haloxyfop (15) , and CP-640186 (16) . In comparison, the human CT domain has been more difficult to study, a 3.2-Å resolution structure being reported only recently (17) . As the human and yeast CT domains share 50% overall amino acid sequence identity, and the sequence conservation is even higher (Ϸ90%) in the active site region (2), the yeast CT domain remains a good surrogate for studying the molecular interactions with various inhibitors. The CT domain contains two subdomains, N and C domains (Fig.  1B) , and the active site is located at the interface of a dimer of the enzyme. Haloxyfop and CP-640186 occupy different regions of the CT active site, and inhibit the enzyme by competing with the acetyl-CoA and the carboxybiotin substrate, respectively (15, 16) . A large conformational change in the dimer interface is required for haloxyfop binding.
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Data deposition: The atomic coordinates have been deposited in Protein Data Bank, www.pdb.org (PDB ID code 3K8X). 1 To whom correspondence should be addressed. E-mail: ltong@columbia.edu. studies showed that the FOPs and DIMs may bind at overlapping sites on ACC (12) , but the significant chemical diversity between the two classes of compounds ( Fig. 1 A) makes it difficult to predict the binding mode of DIMs based on that of haloxyfop. We report here the crystal structure at 2.3-Å resolution of the CT domain of yeast ACC in complex with tepraloxydim. The compound has a different mechanism of inhibiting the CT domain. It probes a different region of the dimer interface as compared to haloxyfop, and requires only small, but important conformational changes in the enzyme. Comparisons to the binding mode of haloxyfop also identify two conserved interactions with the enzyme, which may be important anchoring points for the development of ACC inhibitors.
Results and Discussion
Overall Structure. The crystal structure of the CT domain of yeast ACC in complex with tepraloxydim ( Fig. 1 A) has been determined at 2.3-Å resolution (Table 1, Fig. 1B ). This is the highest resolution yeast CT domain structure that has been reported so far. The current model contains residues 1480-2051 and 2080-2195, 1480-2051 and 2080-2189, and 1491-2051 and 2080-2193 for the three CT domain molecules in the crystallographic asymmetric unit, three inhibitor molecules, and 1303 waters. The atomic model has excellent agreement with the crystallographic data, with an R factor of 18.7% and R free of 22.1%, and the expected bond lengths, bond angles, and other geometric parameters ( Table 1 ). The majority of residues (90%) are in the most favored region of the Ramachandran plot. Residue Gln-1744 in all three CT domain molecules, with good-quality electron density, is in the disallowed region of the Ramachandran plot.
The three CT domain monomers in the asymmetric unit have essentially the same conformation, with root-mean-square deviation (RMSD) of about 0.5 Å for their equivalent C␣ atoms. The conformations of the inhibitors in the three CT domain molecules are highly similar to each other as well.
Binding Mode of Tepraloxydim. To determine the binding mode of tepraloxydim, we soaked free enzyme crystals of yeast CT domain in a solution containing 5-mM concentration of this inhibitor, at a higher pH (7.5) to enhance its solubility. The crystallographic analysis revealed well-defined electron density for the compound ( Fig. 2A) , in each of the three active sites in the asymmetric unit.
Tepraloxydim is bound in the active site region of the CT domain, at the interface between the N domain of one monomer and the C domain of the other monomer of the dimer (Fig. 1B) . The central cyclohexanedione ring of the compound is situated between residues Gly-1734 and Val-2024Ј (primed residue numbers indicate the C domain of the other monomer) (Fig. 2B) . One of the oxygen atoms on this ring is hydrogen-bonded to the main-chain amides of Ala-1627 (with a distance of 2.6 Å) and Ile-1735 (3.1 Å) (Fig. 2B ), and this oxygen is likely to be in the ionized enolate state (see below) ( Fig. 2C) . The other oxygen atom on this ring is hydrogen-bonded to the main-chain amide of Gly-1998Ј (2.8 Å) and a water molecule (2.7 Å).
The double bond in the oxime moiety of the inhibitor is sandwiched between the Gly-1734-Ile-1735 and Gly-1997Ј-Gly-1998Ј amide bonds, showing -interactions (Fig. 2B) . The nitrogen atom of the oxime moiety is hydrogen-bonded to a water molecule, while the oxygen atom does not show any hydrogen-bonding interactions. The ethyl group is placed in a hydrophobic pocket lined by the side chains of Ala-1627, Leu-1705, Ser-1708, Val-2001Ј, and Val-2024Ј. Some of the DIM herbicides have a propyl group at this position, and the structure suggests that the extra methylene group can be accommodated by the enzyme.
An unexpected discovery from the crystal structure is that the central ring of tepraloxydim and its oxime moiety are not coplanar. It has been expected that a planar arrangement of the two groups will facilitate a hydrogen-bond between the enol on the central ring and the nitrogen atom of the oxime (Fig. 1 A) . However, in the crystal structure, the two atoms are separated by a torsion of nearly 120° (Fig. 2B) , which effectively abolishes any hydrogen-bonding interactions between the two groups.
The O-substituent on the oxime moiety, especially the chlorine atom on the ethylene group, burrows into the dimer interface, and is surrounded by the side chains of Ala-1712, Ile-1735, Tyr The tetrahydropyran substituent on the central cyclohexanedione ring is mostly exposed to the solvent and is partly disordered, with weaker electron density (Fig. 2 A) . The group has few direct interactions with the enzyme (Fig. 2C) , consistent with the large variations in the chemical entities at this position among the different DIM herbicides.
The high-resolution nature of the current structure allows us to determine the location of many solvent waters. Two water molecules that mediate the interactions between the inhibitor and the protein are described above. A few other water molecules are located near the tepraloxydim binding site, held in place by interactions with the enzyme or other water molecules (Fig.  2B) . On the other hand, the O-substituent on the oxime moiety is buried in the dimer interface, and there are no solvent molecules in that region of the binding site.
Small But Important Conformational Changes in the Enzyme for
Tepraloxydim Binding. In contrast to our observations earlier with the binding of the haloxyfop herbicide (15) , there are only small conformational changes in the overall structure of the CT domain upon the binding of tepraloxydim. The RMSD between equivalent C␣ atoms of the entire free enzyme dimer and the tepraloxydim complex is 0.5 Å. Conformational changes in the active site region, however, are crucial for the formation of the inhibitor binding site. The largest change is seen for helix ␣5Ј, including residues 1996Ј-2003Ј, which moves by about 1 Å away from residues 1734-1738 in the other monomer (Fig. 3A) . In addition, the side chains of Ile-1735 and Val-2001Ј in the dimer interface assume a different rotamer in the inhibitor complex, and a small change in the main chain and side chain of Tyr-1738 is also observed (Fig. 3A) . The overall effect of these changes is that they open up a small pocket in the dimer interface of the CT domain, allowing the linear substituent on the oxime moiety of the inhibitor to bind (Fig. 3B) . In comparison, the pocket does not exist in the structure of the free enzyme (Fig. 3C) , underscoring the functional importance of these (small) conformational changes. Without these changes, the inhibitor cannot bind to the enzyme and cannot inhibit its carboxyltransferase activity. (Fig. 3A) . The crystal structure reveals that tepraloxydim has a different mechanism of inhibiting the CT domain as compared to that of haloxyfop (15) and CP-640186 (16), even though haloxyfop also inhibits CT by blocking acetyl-CoA from binding to the active site. Tepraloxydim is chemically very distinct from haloxyfop ( Fig. 1 A) , and the compounds have only limited overlap in their bound positions in the active site of the CT domain (Fig. 4) . The aryl group at the end of haloxyfop has no equivalent in tepraloxydim (Fig. 4) , and the two compounds probe different regions of the CT dimer interface. In fact, this aryl group is located near Phe-1956Ј in the haloxyfop complex, causing a large conformational change in this region of the CT domain (15) . In comparison, binding of tepraloxydim does not produce any significant disturbance to the conformation of Phe-1956Ј (Fig. 3A) .
Similarly, most of the central cyclohexanedione ring and the tetrahydropyran group of tepraloxydim have no counterpart in haloxyfop (Fig. 4) . The structural comparison suggests that the cyclohexanedione ring is probably as important for generating an enolate oxyanion as for establishing strong interactions with the enzyme. One of the carboxylate oxygen atoms of the propionate group in haloxyfop is located within 0.8 Å of an oxygen atom on the cyclohexanedione ring of tepraloxydim (Fig. 4) , and both are involved in hydrogen-bonding interactions with the main-chain amides of Ala-1627 and Ile-1735. This suggests that tepraloxydim is likely bound to CT in the enolate form (Fig. 2C) . The main-chain amides of Ala-1627 and Ile-1735 may also have an important role in substrate recognition and catalysis by CT. The methyl group of the propionate in haloxyfop is located within 0.7 Å of that in the ethyl group of tepraloxydim (Fig. 4) . Therefore, these two methyl groups share the same binding site, which includes residue Leu-1705 (Fig. 2C) , equivalent to one of the resistance mutations in ACC (see below). In addition, the oxime moiety of tepraloxydim partly overlays with the central phenyl ring of haloxyfop.
Overall, tepraloxydim has a different mechanism of inhibiting the CT domain, probing a different region of the dimer interface. At the same time, the compound shares two binding interactions with haloxyfop, despite their chemical diversity. These two binding sites may be important anchoring points for developing CT inhibitors. In addition, hybrid compounds that contain features of both the FOPs and DIMs are more potent inhibitors of ACC (18) .
Molecular Basis for Distinct Sensitivity to Resistance Mutations.
Both the FOP and the DIM compounds are potent inhibitors of ACCs from sensitive plants. Over the past years, resistance mutations in these enzymes have been characterized (9, 10, (19) (20) (21) (22) . Interestingly, the data show that the FOP and DIM compounds can have distinct sensitivity to these mutations. Most of the herbicide sensitive ACCs contain an Ile residue at a position equivalent to Leu-1705 of yeast ACC. A mutation of Ile to Leu at this position confers resistance to both FOP and DIM herbicides. This is consistent with the structural observations that this residue is located in the binding site of both compounds (Fig. 2C) . Although the CT domain of yeast ACC, with a Leu residue at this position, is much less sensitive to the herbicides (14) , binding of the compounds was observed because of the high concentration (5-mM) used in the soaking experiments.
In comparison, mutation at another site, equivalent to residue 1967 of yeast ACC, strongly affects the potency of FOP inhibitors while having only small effects on the potency of DIM inhibitors (10) . Our structures provide an explanation for the molecular basis of this observation. The FOP herbicides cause a major conformational change for Phe-1956Ј and other residues in the dimer interface, and the 1967Ј residue is located in the binding site for the aryl group at the end of the compounds (15) . In contrast, the DIM herbicides probe a different region of the dimer interface and do not perturb the conformation of Phe-1956Ј. Residue 1967Ј is located far from the tepraloxydim binding site, and the compound is not as sensitive to mutations at this position.
The multidomain eukaryotic ACCs have highly conserved sequences, and most of the residues in the herbicide binding site are conserved among all eukaryotic ACCs (2). Nonetheless, the FOP and DIM herbicides exhibit remarkable selectivity, and are poorly active toward fungal and animal ACCs. The molecular mechanism for this selectivity is not fully understood. Amino acid variations in the herbicide binding pocket itself, as illustrated by the 1705 and 1967 residues, are only partly responsible for the differences in herbicide sensitivity (15) . Amino acid substitutions in other parts of the protein (long-range effects), as well as conformational flexibility in the binding site region (as conformational changes are required for herbicide binding), may be additional factors that contribute to the selectivity. Finally, the current structural information is based on the complex with the CT domain of yeast ACC, which is mostly insensitive to the herbicides (K i of 250 M for haloxyfop) (14) . There could also be differences in the binding modes of the herbicides to ACCs from sensitive plants, although such differences will probably be small due to the sequence conservation.
Crystal structures of the CT domain in complex with three different classes of inhibitors (haloxyfop, CP-640186, and tepraloxydim) have now been reported (15, 16) . The binding modes of these compounds are highly different from each other, suggesting that there are many different molecular mechanisms for inhibiting this catalytic activity. A large number of potent and chemically diverse inhibitors of mammalian ACCs have been reported recently (23) (24) (25) (26) (27) (28) (29) . It will be very interesting to characterize whether any of these compounds also function at the CT active site.
Materials and Methods
Protein Production and Crystallization. The expression, purification, and crystallization of the CT domain (residues 1476 -2233) of yeast ACC followed protocols described earlier (15) . Crystals of the free enzyme were produced at 4°C using the hanging-drop vapor diffusion method. The reservoir solution contains 0.1 M sodium citrate (pH 5.5), 8% (wt/vol) PEG8000, and 10% (vol/vol) glycerol. The protein is at 10 mg/mL concentration.
To prepare the tepraloxydim complex, the free enzyme crystals were soaked overnight in a solution containing 0.1 M sodium citrate (pH 7.5), 8% (wt/vol) PEG8000, 10% (vol/vol) glycerol, 5 mM tepraloxydim, and 5% (vol/vol) dimethyl sulfoxide. A higher pH of the solution was used as the inhibitor has very low solubility at acidic pH. The crystals were cryoprotected by the introduction of 25% (vol/vol) glycerol and flash-frozen in liquid nitrogen for data collection at 100K. Data Collection and Structure Determination. X-ray diffraction data were collected at the X25 beamline of the National Synchrotron Light Source (NSLS). The diffraction images were processed with the HKL package (30) . The crystal belongs to space group C2, with unit cell parameters of a ϭ 247.3 Å, b ϭ 124.8 Å, c ϭ 145.4 Å, and ␤ ϭ 94.3°. There are three CT molecules in the asymmetric unit, forming a noncrystallographic dimer and a crystallographic dimer. The structure refinement was carried out with the programs CNS (31) and Refmac (32) . Clear electron density for the herbicide was observed from the crystallographic analysis (Fig. 2 A) . The atomic model was built with the program O (33) . The crystallographic information is summarized in Table 1 .
